(NH/^Sa; passivation of the (311) A GaAs surface in AlGaAs/GaAs heterostructures 
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We have studied the efficacy of (NH^S^ surface passivation on the (311)A GaAs surface, and in 
particular, as a possible solution to the gate hysteresis problem in transistors made using Si-doped 
p-type (311) A AlGaAs/GaAs heterostructures. We report XPS studies of simultaneously-grown 
(311)A and (100) heterostructures showing that the (NKU^Sb solution removes the surface oxide 
and sulfidizes both surfaces. Passivation is typically characterized using photoluminescence measure- 
ments, and we show that while (NH^S^ treatment gives a 40 — 60x increase in photoluminescence 
intensity for the (100) surface, an increase of only 2 — 3x is obtained for the (311)A surface. A 
corresponding lack of reproducible improvement in the gate hysteresis of (311)A heterostructure 
transistor devices made with the passivation treatment performed immediately prior to gate deposi- 
tion is also found. We discuss possible reasons for why sulfur passivation is ineffective on the (311)A 
GaAs surface, and propose several alternative strategies for passivation of this surface. 

PACS numbers: 72.25.-b, 73.21.Hb, 85.35.-p 



I. INTRODUCTION 

Surface effects increasingly influence transport in elec- 
tronic devices as they are reduced in size. Understand- 
ing the influence of the surface, and devising methods for 
minimizing any detrimental impact on electronic perfor- 
mance is a vital aspect of device development ^ Semicon- 
ductor surfaces are often highly non-ideal, featuring com- 
plex surface reconstructions and an abundance of dan- 
gling bonds. The latter produce localized energy levels 
in the surface band structure; these surface states can act 
as metastable charge trapping sites. The surface states 
in GaAs pin the surface Fermi energy near the middle of 
the band-gap causing a high surface recombination rate 
and difficulties in making ohmic contacts. These present 
difficulties for GaAs-based devices such as photovoltaic 
cells and bipolar transistors^ 

Chalcogenide-based passivation has long been investi- 
gated as a route to reducing surface-state problems in III- 
V semiconductors. 1 A favored route for the passivation 
of GaAs surfaces is the use of inorganic sulfides such as 
(NH^S and Na2S3— It involves the removal of the na- 
tive surface oxide, either as part of the surface sulfidiza- 
tion process itself, or by a separate etch process immedi- 
ately prior, and binding of S to the Ga and/or As surface 
atoms. The objective of a passivation treatment is to co- 
valently satisfy all of the Ga and As dangling bonds such 
that the resulting surface states have energies in either 
the conduction or valence bands, where they no longer act 
as charge trapsi^ This ideal is difficult to achieve, and 
has resulted in a plethora of passivation chemistries and 
treatments in both the liquid&^r— and gaa^~— phases. 
Preceding work has focussed on more basic surface planes 
such as (100), (110) and (111) due to their applications 
in device technologies; sulfide passivation of more com- 
plex surfaces such as (311)A has not been previously re- 
ported. We are interested in (311)A heterostructures as 



they are an underpinning materials platform for exper- 
imental studies of low-dimensional hole systems. Com- 
pared to electrons, holes in GaAs have enhanced carrier- 
carrier interactions due to an increased effective mass 
and a curious spin-| nature caused by strong spin-orbit 
effects. As a result, there has been much interest in 
hole systems for studies of novel physics related to the 
metal-insulator transition ) 17 : 18 bilayer quantum Hall ef- 
fect jI2i22i Lande g-factor anisotropyj^Ir— anomalous spin- 
polarization effects^ 0.7 plateau in quantum point con- 
tacts ; 25 : 26 Berry's phase in Aharonov-Bohm rings^ 7 - and 
the quantum dot Kondo effect. 28 Hole quantum dots are 
also of interest for quantum computing applications due 
to a reduced spin-decoherence time compared to elec- 
trons^a 

We present a study of sulfur passivation of the (311)A 
GaAs surface, motivated by a previous study focussed 
on understanding the origin of gate hysteresis in field- 
effect transistor devices made on p-type Si-doped Al- 
GaAs/GaAs heterostructures. 31 Here we use photolu- 
minescence (PL) and x-ray photoelectron spectroscopy 
(XPS) measurements to analyze the relative efficacy of 
sulfur treatment on the (311)A and (100) GaAs sur- 
faces. This is combined with electrical measurements 
of Schottky-gated transistors made using p-type Al- 
GaAs/GaAs heterostructures and different sulfur passi- 
vation treatments to determine the corresponding effect 
on gate stability. We find that sulfur treatment of the 
(311) A surface removes the native oxide and replaces it 
with a sulfide layer, as it does for (100), but does not 
produce a consistent, corresponding improvement in pho- 
toluminescence intensity or gate stability for transistors. 
We discuss possible reasons for this lack of efficacy in 
electronic passivation and offer some potential strategies 
for improved passivation for the (311)A surface. We also 
briefly discuss some of the practical issues that we faced 
in translating the sulfur treatments we studied, which 
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are normally used on bare semiconductor surfaces, to the 
polymer resist based fabrication typical for transistor de- 
vices. 



II. METHODS 

A range of possible sulfur treatment formulations exist, 
including: using aqueous solutions of Na2S, (NEL^S or 
Li 2 SM alcoholic solutions of Na 2 S 9 and (NH 4 ) 2 S^ii 
S2CI2 in CCI4 , 11 ' 12 electrochemical growth of a sulfur- 
containing anodic oxide fum^i 3 . exposure to H 2 S ga a 14 ' 15 
or UV photosulfidation using a molecular sulfur vaporji& 
We focussed on Na 2 S and (NH4) 2 S based solutions as 
they provide the best mix of ease and effectiveness. While 
Na 2 S is reported to produce a surface passivation that is 
more robust to light/oxygen than (NH4) 2 S treatment,— 
treatment with (NH4) 2 S gives complete oxide removal, 
and produces a more sulfidized surface with no traces 
of Nai^ 3 . This behavior can be enhanced by adding ele- 
mental sulfur i.e., treating with (NFL^S^! 34 ' 35 As a re- 
sult, aqueous (NH 4 ) 2 S and (NH 4 ) 2 S X solutions are com- 
monly used for passivation of structures ranging from 
GaAs metal-insulator-semiconductor field-effect transis- 
tors (MISFETs) 36 to InAs/GaSb photodiodes 3 ! to III-V 
nanowire devices.— Hence, for the vast majority of this 
study we restrict ourselves to aqueous (NH 4 ) 2 S X solu- 
tions. The exception is the study of passivation solu- 
tion compatibility with the polymer resists used for pho- 
tolithography (MicroChem S1813/AZ nLOF2020) and 
electron-beam lithography (MicroChem 950k-A5 poly- 
methylmethacrylate) reported in Appendix A. Here we 
tested aqueous and alcoholic solutions of Na 2 S and 
(NH 4 ) 2 S applied immediately prior to photodefined gate 
deposition. The only compatible treatment was aqueous 
(NH 4 ) 2 S and (NFL^S^, further supporting our choice to 
study the passivation efficacy of this treatment alone. 

Two different concentrations of aqueous (NH^S^ so- 
lution were investigated, denoted as 'weak' and 'strong'. 
Both were made from a common stock solution prepared 
by adding 3 mol/L of elemental sulfur (Aldrich) to 20% 
(NH 4 ) 2 S in H 2 (Aldrich) decanted as supplied. The 
stock solution is stirred for several hours until the sulfur 
is completely dissolved, and then stored in a brown glass 
bottle inside a closed metal can to prevent photodecom- 
position. The strong treatment involves immersion of the 
sample in decanted stock solution for 10 min, while the 
weak treatment involves immersion in a 0.5% dilution of 
stock solution in deionized water for only 2 min. In both 
cases, treatment involves immersion in 3 — 5 mL of pas- 
sivation solution heated to 40°C in a water bathi2& Prior 
to passivation, all samples were given a 30 s deoxidizing 
etch in 31% HC1:H 2 0. After passivation they are rinsed 
in deionized water and dried with N 2 gas. Prolonged ex- 
posure to light and air can result in surface reoxidation; 39 
hence devices were stored in the dark between passivation 
and any subsequent fabrication steps or measurements. 

Commenting briefly on relative passivation solution 



strength, the weak treatment was more dilute than com- 
monly used solutions. Treatment times of 10 — 15 mins 
with (NH4) 2 S X concentrations of 5 — 20% are typically 
quoted in the literaturei 4 ^— However, the effectiveness 
of the weak solution has been previously established for 
passivating InAs nanowires. 38 In Reb2£ the nanowires 
were etched, sometimes completely through, consistent 
with the etching of GaAs found in Refill. We focused 
on the weak treatment here because the heterostructures 
used for the devices have only a thin GaAs cap layer pro- 
tecting the active AlGaAs and GaAs layers underneath 
and we wanted to avoid the risk of exposing the AlGaAs, 
which would oxidize rapidly in air, or generating signif- 
icant surface roughness due to etching by the (NH4) 2 S X 
treatment. We also tested the strong treatment on our 
devices to check that insufficient treatment solution con- 
centration was not responsible for the lack of efficacy in 
passivation (see Section III-C). 

Two types of GaAs substrates were used: epitaxially- 
grown AlGaAs/GaAs heterostructures modulation- 
doped with Si were used for device fabrication and 
XPS studies, while 'bulk' GaAs substrates without any 
epilayers were used for the PL studies. We used bulk 
wafer in the latter instance because the heterostructure 
epilayers interfered with the surface PL signal. A set of 
matched (100)/(311)A AlGaAs/GaAs heterostructures 
(Bochum 13473/13516) were custom grown side-by-side 
using molecular beam epitaxy for this experiment. They 
have a nominally identical epilayer structure, with the 
active region consisting of 650 nm undoped GaAs, 35 nm 
undoped Alo.34Gao.66As, 80 nm Si-doped Alo.34Gao.66As 
and a 5 nm undoped GaAs cap. These matched het- 
erostructures have majority carriers of opposite sign - 
n-type for (100) and p-type for (311)A - due to the 
amphoteric nature of Si dopants in AlGaAs. 44 

For all samples, semiconductor pieces approximately 
3x4 mm 2 were cleaved from the host wafer and thor- 
oughly cleaned with acetone and 2-propanol. Samples 
prepared for XPS/PL measurements then underwent sul- 
fur passivation as described above, with the samples typ- 
ically measured within 30 min of passivation to avoid 
re-oxidation of the surface. 

For device-related studies, photoresist was deposited 
onto the cleaned wafer piece using a standard resist- 
spinning technique. Hall bars with a height of 130 nm 
were defined by photolithography and wet etching us- 
ing a 2 : 1 : 20 buffered HF:H 2 2 :H 2 solution (the 
buffered HF was 7:1 NH 4 F:HF). Ohmic contacts for the 
(311)A heterostructure pieces were formed by vacuum 
evaporation of a 150 nm thick 99:1 Au:Be alloy film, 
which was annealed at 490°C for 90 s. Electrical studies 
of the (100) heterostructures were presented in Ref. 31 . 
The Schottky gates were defined photolithographically 
using AZ nLOF2020 photoresist, with development in 
2.38% tetramethylammonium hydroxide (TMAH) solu- 
tion. Sulfur passivation was performed after develop- 
ment, and immediately before vacuum deposition of the 
gate metal, consisting of a 20 nm Ti adhesion layer fol- 
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TABLE I. List of samples discussed in this paper. Bulk GaAs 
wafer pieces used for PL are labeled Bl - B4. Unpassivated 
reference pieces used in the PL studies have been excluded 
from the data for simplicity. Heterostructures without devices 
used for XPS studies are labeled HI - H4. Modulation-doped 
heterostructure devices used for gate hysteresis studies are 

labeled D l - D6. 

Sample Wafer Surface Passivation 



Bl 


bulk 


(100) 


strong 


B2 


bulk 


(100) 


weak 


B3 


bulk 


(311)A 


strong 


B4 


bulk 


(311)A 


weak 


HI 


13516a 


(100) 


none 


H2 


13516a 


(100) 


weak 


H3 


13516b 


(311)A 


none 


H4 


13516b 


(311)A 


weak 


Dl 


13516b 


(311)A 


none 


D2 


13473b 


(311)A 


weak 


D3 


13516b 


(311)A 


weak 


D4 


13473b 


(311)A 


weak 


D5 


13516b 


(311)A 


strong 


D6 


13516b 


(311)A 


strong + anneal 



lowed by a 80 nm Au layer. The passivated samples were 
stored in deionized water (18 MSlcm) during transfer to 
the metal evaporator, and exposed to air for at most a 
few minutes before the evaporator chamber containing 
the sample reached vacuum (< 1 mTorr). Such short ex- 
posures to air should not lead to significant surface reox- 
idation,— as confirmed by our PL data in Appendix B. 
The devices were completed by lift-off in acetone and 
bonding into chip packages using an Au ball bonder. Af- 
ter metal deposition we expect the passivated surface to 
remain robust to reoxidation since it is protected from 
light and air by the gate metal.— Table 1 lists the sam- 
ples/devices studied along with the wafer type, surface 
orientation and passivation treatment used. 

The effect of (NH^S^ passivation on the surface 
chemical composition and surface-state density was de- 
termined using room temperature PL and XPS mea- 
surements. Photoluminescence (PL) measurements were 
performed under ambient conditions to characterize the 
effect of surface passivation. Samples were excited us- 
ing the 488 nm line of an argon ion laser (Coherent In- 
nova 70) and the luminescence was coupled to a 0.27m 
grating spectrometer (J/Y SPEX 270M) and recorded 
with a charge-coupled device (Princeton Instruments). 
The spectral resolution of the system was 3 nm. The 
incident power was 1 mW and the intensity at the fo- 
cus was approximately 0.49 W.mm -2 . PL spectra pre- 
sented here are normalized to the peak intensity of a 
corresponding unpassivated reference sample. XPS mea- 
surements were performed using a ThermoScientific ES- 
CALAB250Xi system with a monochromated Al Ka 
source (hv = 1486.68 eV at 164 W power). A spot size 
of 500 [im was used with a photoclcctron take-off angle 
of 90°. The C(ls) peak at 285.0 eV is used as the bind- 
ing energy reference for all measurements performed; the 



measured binding energies are expected to be accurate 
to ±0.1 eV. The XPS data peak fitting was performed 
using the Avantage software package. 

Electrical studies of passivated/unpassivated devices 
made on modulation-doped heterostructure were per- 
formed with standard four-terminal ac lock-in techniques 
at T — 4.2 K. The drain current Id was measured with 
an applied source-drain bias V s d = 100 fiV at a frequency 
/ = 73 Hz. A dc gate bias V g was applied using a Keith- 
ley 2400 source-measure unit with a built-in adjustable 
current limiter to prevent the gate being driven to biases 
where the gate leakage current I g becomes excessive. 



III. RESULTS 

A. XPS study of the effect of (NH 4 ) 2 S I on the 
(311)A GaAs surface 

We now discuss our XPS studies of bare and passi- 
vated (311)A GaAs surfaces. The surface sulfidization 
chemistry for bare and passivated (100) GaAs surfaces 
is well characterized using XPS.— ^ i 32 ' 45 ~ — In this study, 
bare and passivated (100) surfaces were prepared and 
measured in parallel for reference to provide more di- 
rect, like-for-like comparison, and to better isolate the 
effect of surface orientation on the passivation chem- 
istry. XPS data for passivated and unpassivated sam- 
ples is presented in Fig. l(a/c/e) and (b/d/f) for the 
(100) and (311)A surfaces, respectively. We begin with 
the As(2p 3 / 2 ) core level spectra in Fig. l(a/b), where 
the unpassivated surfaces show peaks corresponding to 
GaAs (1323.2 eV) and As 2 3 (1326.3 eV) for both sur- 
face orientations. After passivation, the AS2O3 peak is 
eliminated and a small peak (1324.5 eV) corresponding 
to the disulfide bridges reported by Sandroff et alS^ for 
(NH4) 2 S passivation of (100) GaAs is observed; this peak 
emerges to a roughly equivalent extent for both the (100) 
and (311)A surfaces in our study. We now turn to the 
Ga(2p 3 / 2 ) spectra in Fig. l(c/d). The unpassivated sur- 
faces in both cases show peaks corresponding to GaAs 
(1117.4 eV) and Ga 2 3 (1118.5 eV). The Ga 2 3 peak 
intensity for the (100) surface, relative to the GaAs peak, 
is roughly double that for (311) A. This likely reflects the 
fact that surface Ga atoms have single dangling bonds for 
(311)A but double dangling bonds for (100)^^ Looking 
at the passivated samples, there is a clear Ga peak and a 
weaker peak at higher energy, which may correspond to 
Ga-S bonding but could also be due to residual Ga 2 3 ; 
unfortunately, the low peak intensity makes conclusively 
assigning the source difficult. 

Instead we turn to the combined Ga(3s)/S(2p)spectra 
in Fig. l(e/f). Here the unpassivated surface gives a pair 
of peaks at 156.4 and 160.4 eV corresponding to GaAs 
bonds, with the passivated samples displaying the ad- 
dition of small peaks at 163.3 and 162.1 eV. The most 
likely attribution for these peaks is that they correspond 
to As-S and Ga-S bonds (expected at 163.2 and 162.3 eV) 
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FIG. 1. (Color online) (a,b) As(2p 3/ / 2 ), ( c ,d) Ga(2p 3/ / 2 ) and (e,f) Ga(3s)/S(2p) XPS core level spectra for passivated (pur- 
ple/lower traces) and unpassivated (black/upper traces) GaAs surfaces with (100) (top row) and (311)A (bottom row) orien- 
tation. In each case the intensity is normalized to the Ga-As peak, with the unpassivated intensities offset vertically by 1.5 for 
clarity. Solid lines are the measured spectra, the dotted and dashed lines are peak fits for the Ga-As and X-Y spectral peaks, 
where X = Ga,As and Y = S,0, respectively. The data shows that passivation treatment removes the surface oxide, replacing 
it with a surface sulfide layer (c.f. Refsi 32 ' 51 ). 



respectively, as reported for (100) GaAs surfaces passi- 
vated with P2S5/(NH 4 ) 2 S :z: solution. 5 i However, we note 
an alternate possibility that one or other of these peaks 
corresponds to a disulfide bridge (expected at 163.5 eV), 
as reported for (NELt^Sx passivated (100) InGaP sur- 
faces^ Ultimately, the strong similarities between the 
XPS spectra suggest that the passivation treatment re- 
moves the surface oxide and establishes a surface sulfide 
layer for both surfaces with roughly equivalent efficacy. 



B. Comparative photoluminescence study of 
(NH 4 ) 2 S I treated (100) and (311)A GaAs surfaces 

Remarkably, a corresponding equivalency was not ob- 
served in photoluminescence measurements of passivated 
surfaces for the two different orientations. Figure 2 shows 



PL spectra for (a) the (100) and (b) the (311)A sur- 
faces after passivation with the strong (solid line) and 
weak (dashed line) (NELi^Sx solutions. In each case, 
the intensity is normalized to the peak intensity of the 
PL spectra for an unpassivated surface with matching 
orientation (see Appendix C). In other words, a given 
passivated sample's peak PL intensity, as presented in 
our data, represents the factor by which passivation in- 
creases the PL due to reduced surface recombination ve- 
locityj^^ Figure 2 shows that the passivation has in- 
creased the PL intensity of (100) GaAs by 40 — 65 x, 
but only increased the PL intensity of (311)A GaAs by 
2 — 3 x . This approximately 20 x difference suggests that 
the passivation is much less effective on (311)A GaAs 
than it is on (100) GaAs. This difference is likely to 
arise from Ga rather than As because unlike As, which 
presents a double-dangling bond on both surfaces, sur- 
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FIG. 2. Photoluminescence intensity vs wavelength for (a) 
Samples Bl and B2 with (100) surfaces passivated with strong 
(solid line) and weak (dotted line) solution, respectively, and 
(b) Samples B3 and B4 with (311)A surfaces passivated with 
strong (solid line) and weak (dotted line) solution, respec- 
tively. The PL intensity in both cases is normalized to the 
PL spectra obtained for an untreated sample with the same 
surface orientation. The approximately 20 x difference in PL 
intensity may be due to the difference in Ga dangling bond 
valence between the (100) and (311)A surface a 53 ' 54 . 



face Ga presents a double-dangling bond for (100) and 
a single-dangling bond for (311)A i 53 i 54 Although there 
is no corresponding difference in Ga-S and As-S XPS 
peaks between (100) and (311)A in Fig. 1, the different 
Ga dangling bond valence for (311)A may mean that sul- 
fur atoms are unable to bond to Ga surface such that all 
dangling bonds are satisfied. This could result in a higher 
surface-state density for the passivated (311) A surface 
compared to (100), explaining the lowered PL intensity 
observed for the (311)A surface in Fig. 2(b). We will 
discuss this further in Section IV. 



C. Effect of passivation on gate hysteresis in 
(311)A heterostructure devices 

Gated Hall bars made using Si-doped (311)A Al- 
GaAs/GaAs heterostructures display strong gate hys- 
teresis with an anticlockwise hysteresis loop in the Id 
versus V g characteristics. This hysteresis is consistent 
with trapping of net negative charge between the gate 
and the 2DHG, either in surface-states or the modulation 
doping layer. 3 - An example of a typical hysteresis loop 



obtained from an unpassivated (311) A device is shown in 
Fig. 3(a). The most striking feature is the long plateau at 
intermediate V g whilst sweeping the gate to positive bias. 
Here, depletion of the 2DHG is strongly suppressed due 
to charge trapping in the surface-states and/or charge 
migration in the dopant layer. Depletion resumes for 
sufficiently positive V g , and in most Schottky-gated de- 
vices we have studied, pinch-off (i.e., Id = 0) can be 
attained before V g exceeds +1 V. The length the current 
plateau and the pinch-off voltage provide a measure of 
charge trapping/migration within the device. Hence a 
reduction in surface-state density, due to passivation for 
example, should result in a reduced Id plateau length and 
a lower pinch-off voltage. 

Figures 3(b-f) show the electrical characteristics that 
result for devices D2-D6 made with different sulfur pas- 
sivation treatments prior to gate deposition. The re- 
sults obtained with the weak passivation solution vary, 
with the current plateau extending (Fig. 3(b)), shorten- 
ing (Fig. 3(c)), and in an isolated instance, disappearing 
entirely (Fig. 3(d)). The behavior observed in Fig. 3(b/c) 
is most typical; across the five devices we studied using 
the weak passivation treatment we observe pinch-off volt- 
ages ranging from +0.25 V to +0.8 V and plateau lengths 
ranging from V to +4.75 V. We have not been able to 
reproduce the outcome for device D4 (Fig. 3(d)) in a sec- 
ond, separate device despite numerous attempts; yet the 
characteristics we report here were repeatable for subse- 
quent cooldowns of the same device (i.e., the treatment 
was robust). With a more focussed surface chemistry 
study it may be possible to identify a method for reli- 
ably producing an outcome similar to that in device D4. 

A possible argument for the inconsistent results ob- 
tained in Figs. 3(b-d) is that the passivation treatment 
is not strong enough. In Fig. 3(e) we show the results of 
an attempt to more effectively passivate the GaAs sur- 
face. Device D5 was prepared using the 200 x more con- 
centrated passivation solution, and although the current 
plateau at intermediate V g is weakened (i.e., appears less 
as a constant Id plateau and as more a region of reduced 
depletion rate) , there is little reduction in pinch-off bias 
and the device becomes more unstable/erratic at low Id- 
This may suggest that the inefficacy of passivation treat- 
ment on the hysteresis is not related to insufficient sul- 
fidization. 

Post-passivation annealing is an informative experi- 
mental tool because the large difference in Ga-S and As-S 
bond stabilit y 33 ' 55 means that annealing increases Ga-S 
bonding at the expense of As-S bonding by breaking As- 
S surface bonds, transferring S to Ga, and at sufficiently 
high temperatures, desorbing excess Asi 33 ' 45 ' 46 ' 56 ' 57 Lit- 
tle is known about the sulfur chemistry of the (311) A 
surface, but since (311) A surface As atoms are (100)- 
like (see Section IV), we assume here that desorption of 
As surface bonds is complete for samples annealed above 
350°C, as found for the (100) GaAs surface^L 5 -^ To 
determine the influence that As-S bonds have on the 
electrical characteristics, device D6 was prepared using 
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FIG. 3. Drain current Id vs gate bias V g characteristics for Devices (a) Dl - unpassivated, (b-d) D2-D4 - weak passivation, (e) D5 
- strong passivation and (f) D6 - strong passivation and a post-passivation anneal at 360° C for 10 min in an Ar atmosphere. The 
arrows indicate the sweep direction (upsweep/downsweep) for the two components of each hysteresis loop; the solid (dashed) 
lines are data for V g sweep rates of 10(2.5) mV/s, respectively. Pinch-off could not be achieved for Device D6; the gate begins 
to leak strongly as V g approaches +0.6 V. The rise in Id for positive V g > +0.61 V (upsweep), and corresponding plateau in Id 
in the return to V g = +0.61 V (downsweep) occur due to the current limiting action of the gate voltage source, which effectively 
holds V g = +0.61 V for V g > +0.61 V where I g > 50 nA. 



the strong solution followed by a post-passivation anneal 
for 10 min at 360°C. The sample was held at a 1 atm 
Ar atmosphere for the entire anneal process including 
warm-up from and cool-down back to room temperature 
to prevent oxidation. Photoprocessing and metallization 
was performed as soon as possible thereafter, with extra 
care taken to keep the sample away from light to avoid 
photo-oxidation. The robustness of passivation to subse- 
quent photo-processing is discussed in Appendix B. 

Post-passivation annealing appears to be detrimental 
for the (311)A surface; as Fig. 3(f) shows, pinch-off can- 
not be achieved in these devices. The current plateau 
on sweeping to positive V g begins at a lower V g and ex- 
tends such that gate leakage exceeds the limit set by the 
gate voltage source before the end of the current plateau 
(c.f. Fig. 2 of Ref. 31 -). The lack of carrier depletion in 
Fig. 3(f), particularly at low V g , suggests that As surface 
states play an important role in the hysteresis. The corol- 
lary is that As-S bonding is beneficial to reduced hystere- 
sis, which would explain why it was possible to achieve 
hysteresis-free behavior in device D4. The variability in 
passivation efficacy that we find in Figs. 3(b)-(d) may also 



be a symptom of the low As-S bond stability ) 33 ' 55 which 
leads to surface As accumulation and As-As and As-0 
surface bond formation with H2O washingi 48 ' 58 ' 59 This 
would make aqueous passivation treatments a consider- 
ably more capricious and variable prospect. Ultimately, 
gaseous treatments may be more viable for passivation 
of the (311) A surface as they avoid both water, and the 
organic solvents that are incompatible with conventional 
device fabrication processes (see Appendix A). 

We also found that gates on (311)A surfaces that un- 
derwent post-passivation annealing tend to be more leak- 
age prone. One possible explanation for the leakage prone 
gates is Be diffusion from the ohmic contacts; the con- 
tacts are deposited and annealed prior to the passiva- 
tion and post-passivation anneal. Although the post- 
passivation anneal is 130°C lower in temperature than 
the ohmic contact anneal, its duration is more than six 
times longer. The rapid diffusion and surface aggregation 
of Be in GaAs is well known^S 

Returning briefly to device D4 where the hysteresis 
is almost eliminated, it is tempting to think that the 
surface-state density within the band-gap has been dra- 
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matically reduced for this device. However, the same be- 
havior could be expected if there was a sharp reduction 
in the tail of the surface-state spectrum or if the spec- 
trum changed such that a large density of surface-states 
was energetically shifted away from the surface Fermi 
energy. In both instances, reduced charge trapping at 
low gate bias would result in rapid depletion, allowing 
the device to reach pinch-off before onset of the current 
plateau. It may only take a partially effective passiva- 
tion to achieve this, and device D4, although a one-off 
example, indicates that a surface passivation treatment 
able to significantly reduce the gate hysteresis observed 
in (311)A heterostructure devices may exist. 



IV. DISCUSSION 

Drawing together the XPS, PL and electrical mea- 
surements presented above, it is evident that (NH^S^ 
treatment removes oxide and sulfidizes the surface for 
both orientations. The enhancement in PL intensity is 
smaller for the (311) A surface, and correspondingly, there 
is little improvement in the gate hysteresis for p-type 
modulation-doped (311) A AlGaAs/GaAs heterostruc- 
ture devices. We came into this study expecting, per- 
haps naively, that sulfur passivation may mitigate the 
gate hysteresis^- instead we are left with several ques- 
tions: Why is it that the (NH^S^ treatment produces 
a clear chemical change in the (311)A surface with little 
corresponding improvement in electrical properties? Is 
there something about the nature of the (311)A GaAs 
surface that would make this an expected behavior? Is 
there some insight for how a more effective passivation 
treatment might be formulated? In this final section, we 
attempt to answer these questions. 

Higher Miller-index surfaces tend to present as linear 
combinations of lower Miller-index surfaces. In particu- 
lar, the (311) surface can be roughly considered as the 
average of the (100) and (111) surfaces, with equal den- 
sities of (lll)-like single- dangling and (lOO)-like double- 
dangling bond sites i 44 ' 61 Additionally, unlike ideal (100) 
and (111) surfaces, where the surface dangling bonds 
are nominally all of the same molecular species (i.e., ei- 
ther Ga or As), the ideal (311) surface presents dangling 
bonds for both molecular species in equal proportions. 
The (311)A surface studied here presents (lOO)-like As 
double-dangling bonds and (lll)-like Ga single-dangling 
bonds to the vacuum, nominally with a (1 x 1) surface re- 
construction, 54 although the (311)A surface is suggested 
to show numerous metastable reconstructions^ We pro- 
pose that the bimolecular nature of the (311)A surface is 
central to the observed inefficacy of sulfur passivation de- 
spite the clear sulfur binding signature in the XPS data 
(Fig. 1). For clarity of later discussion, we will first briefly 
review how (NH^Sx treatment affects the surface Ga 
and As atoms on (100) and (lll)A GaAs surfaces. 

The initial (NH^Sx treatment leads to a surface con- 
taining Ga-S, As-S and surface-bound S-S dimers; how- 



ever because the As-S bond is thermodynamically much 
less stable than the Ga-S bond ) 33 i 55 rinsing with wa- 
ter leaves Ga-S bonds in the majority with the remain- 
ing surface-bound S forms (e.g., As-S, As-(S-S), etc.) 
washed away 48 ' 59 Thermal annealing exacerbates this 
trend towards the dominance of Ga-S bondsj 33 i 45 ' 46 The 
dominance and robustness of Ga-S bond makes it the 
logical first consideration. For the (100) surface, the 
Ga-bound S atom adopts a Ga-S-Ga bridge configura- 
tion^ 3 -^ to satisfy the double-dangling bond of the bare 
surface Ga. Total energy calculations based on a density- 
functional formalism suggest this gives Ga-S bonds with 
bonding and anti-bonding orbitals that sit within the va- 
lence and conduction bands, respectively (i.e., outside 
the band-gap).- 5 When combined with a possible ten- 
dency for the sulfur treatment to preferentially generate 
Ga-terminated surfaces in the (100) orientation,— and 
the high Ga-S bond stability, this should result in a sub- 
stantial and robust reduction in the Ga-related mid-gap 
surface-state density for (100) GaAs, and a depinning of 
the surface Fermi level. Indeed, a substantial reduction in 
Ga-related surface state density close to the conduction 
band has been observed in capacitance- voltage (CV) and 
deep level transient spectroscopy (DLTS) measurements 
of passivated (100) GaAs surfaces For the (lll)A 
surface, the Ga-bound S atom sits on top of the surface 
Ga atom to satisfy the single-dangling bond of the bare 
surface Gai££~— Calculations suggest that the bonding 
and anti-bonding orbitals sit inside the band-gap in this 
case^ 9 - Hence Ga-related mid-gap states on the unpassi- 
vated (lll)A surface are replaced by Ga-S states closer to 
the valence band for a passivated (lll)A surface, which 
should lead to the surface Fermi energy pinning closer to 
the valence band maximum rather than depinning com- 
pletely^ 9 - That said, experiments suggest that the surface 
Fermi energy moves away from the valence band maxi- 
mum upon passivation of the (lll)A surface^ 8 possibly 
as a result of S replacing some uppermost sub-surface As 
atoms in addition to bonding to surface Ga. Either way, 
the efficacy of sulfur passivation for the (lll)A surface 
would be diminished compared to the (100) surfaced 

The behaviour of surface As is a more difficult prospect 
because although surface As for the (311)A surface is 
(100)-like and passivation of the (100) GaAs has been 
heavily studied, the role of As-S bonding in passivation of 
(100) GaAs is still poorly understood. For example, some 
theoretical studies suggest that the As-S anti-bonding 
state for (100) GaAs sits well within the band-gap^ 9 ., 
while other calculations place these states within the va- 
lence band? 7 - " On the experimental side, there is much de- 
bate about the role and importance of As-S bonding also. 
Some studies point to As-S and As-(S-S) being central to 
passivation j 7 ' 47 i n others suggest that the Ga-S bonds are 
key 48 ' 57 ! 58 and some argue for the direct involvement of 
both Ga-S and As-S bonds.— Part of the difficulty here is 
the relative weakness of the As-S bond and the tendency 
for As accumulation at the surface, which brings about 
additional mid-gap levels^ 
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Returning now to consider (311)A specifically, while 
the (100) surface is essentially a best case scenario, the 
(311) A surface is essentially a worst case scenario. First, 
the Ga dangling bonds are (lll)-like such that Ga-S 
bonding is likely to produce states within the band- 
gap . 61 ^ 69 Second, the surface should display equal pro- 
portions of Ga and As dangling bonds ; 44 ! 61 unlike (100) 
and (111), which could in the ideal case be terminated 
entirely with Ga dangling bonds. This means that sur- 
face As will always be an issue, and our data in Fig. 3 
appears to confirm the importance of surface As bond- 
ing for the (311)A surface. It also means that (311)A 
surface passivation will always be difficult, compromised 
by the relative weakness of the As-S bond to H2O expo- 
sure in particular i 48 ' 58 i 59 Finally, as mentioned earlier, 
the (311) A surface can display metastable reconstruc- 
tions^ which may further complicate the surface chem- 
istry and electronic states. We note at this point that 
this explanation for inefficacy of sulfur passivation for the 
(311)A surface is simplistic; theoretical studies similar to 
those in Refsi 65 ' 69 and surface studies similar to those 
in Refsi 47 ' 68 would significantly enhance understanding. 
Studies of the (311)A GaAs surface-state spectrum using 
either capacitance- voltage measurement a 34 i 72 ' 73 or deep- 
level transient spectroscopy measurements 2 - would also 
be valuable. 

This leaves the final question of whether there is a 
formulation that might passivate the (311)A GaAs sur- 
face more effectively. The problem here is twofold, as 
both the Ga and As surface atoms need attention. The 
problem with Ga for the (311)A surface is that it has a 
monovalent dangling bond and sulfur is divalent. An al- 
ternative would be a monovalent adsorbate such as chlo- 
rine; CI passivation of GaAs (lll)A surfaces by treat- 
ment with HC1 has been demonstrated^ We find that 
HC1 treatment for (311)A heterostructure devices brings 
no tangible improvement in gate hysteresis (HC1 is com- 
monly used as a deoxidation etch prior to gate depo- 
sition), however, recent studies have shown that post- 
chloridation thermal annealing, possibly combined with 
hydrazine treatment, can significantly enhance CI passi- 
vation efficacy by removing excess As 7 -^. Further studies 
of more complex CI treatments for the (311) A GaAs sur- 
face would be of interest. Turning now to As, which 
is (lOO)-like for the (311)A surface, an obvious alter- 
native to consider is Selenium. There are several re- 
ports of Se treatments being more effective than sulfur 
treatment and having improved stability against oxida- 
tioni 76 ' 77 The greater subsurface penetration of S o 49 ' 78 i 79 
may also be favorable assuming an As antisite defect 
model 8 ^ for GaAs surface states. It would be of inter- 
est to study the effect of Na2Se in NH4OH followed by 
Na 2 S (og)r ^ or SeS 2 in CS 2r r - 7 - on the (311)A surface, but 
an alternative that should also be considered is Se-loaded 
(NH^Si 8 - 1 - Note that this would only deal with surface 
As, passivation of the (lll)-likc surface Ga bonds would 
entail additional treatment. 

Ultimately, As-chalcogen bond stability and surface 



As accumulation may still be an issue even with Se- 
passivation, and a better alternative might be to ad- 
dress this problem by engineering the capping layer of 
the heterostructure rather than relying on chemical sur- 
face passivation treatments. Two possibilities are imme- 
diately apparent. The first is to grow a thin cap layer 
of GaS, which would bury the GaAs surface and perhaps 
provide better chemical stability for the As most proxi- 
mal to the surface, while at the same time providing the 
Ga-S surface bonds shown to be desirable in sulfur pas- 
sivation treatments. Studies of GaS-capped GaAs have 
shown promise for this approach on the (100) and (lll)A 
surfaces j 82-84 The one possible issue with this approach 
would be the compatability of GaS with the ultra-clean 
molecular-beam epitaxy systems used to grow the high 
mobility AlGaAs/GaAs heterostructures used for quan- 
tum device research. The second, as proposed in Ref.— , 
is to grow a degenerately-doped GaAs cap layer, which 
can be partitioned by wet-etching to form gates for the 
device, as in undoped Heterostructure Insulated Gate 
Field Effect Transistors (HIGFETs) 8 ^— . The advantage 
here is that the conducting channel is screened from the 
surface-states by the highly-conductive cap layer/gate, 
the disadvantage is that device processing is more com- 
plex in such structures. 



V. CONCLUSIONS 

We have studied the efficacy of (NFLi^S^ treatment for 
surface-state passivation in (311)A AlGaAs/GaAs het- 
erostructures, as a prospective solution to the gate hys- 
teresis problem in nanoscale devices made using this ma- 
terial. We first performed XPS studies on (311)A and 
(100) heterostructures grown simultaneously by molecu- 
lar beam epitaxy. These show that the chemistry is very 
similar for both surface orientations, with the (NFLj^Sx 
solution stripping surface oxides and sulfidizing the sur- 
face. Photoluminescence measurements for the two sur- 
face orientations showed an improvement in PL intensity 
by a factor of 40-65 and 2-3 for the (100) and (311)A 
surfaces, respectively, relative to untreated surfaces after 
sulfur passivation treatment. The comparative lack of 
efficacy of sulfur passivation for the (311)A surface ev- 
ident in PL measurements is consistent with a lack of 
reproducible improvement in the gate hysteresis of het- 
erostructure transistor devices made with the passivation 
treatment performed immediately prior to gate deposi- 
tion. We suggest that the lack of passivation for the 
(311)A surface, despite an obvious change in the surface 
chemistry, comes about due to the mixture of monova- 
lent Ga and divalent As dangling bonds it presents to the 
vacuum. Further work on the passivation of the (311) A 
surface is encouraged and would include CI- or Se-based 
treatments or the addition of a GaS or degenerately- 
doped GaAs cap layer as alternative strategies for passi- 
vation of this surface. 
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Appendix A: Practicality of incorporating (NH^S^ 
passivation into device processing 

To incorporate sulfur passivation into device process- 
ing, it was essential that the passivation treatment left 
the photoresist intact such that we could deposit a 
photolithographically-defined, shaped gate such as that 
in Fig. 4(a) and (c). Hence we began with a study of 
the photoresist compatibility of the various sulfur passi- 
vation solutions that we initially intended to use; these 
included Na2S and (NH^S solutions with 2-propanol, 
2-methyl-2-propanol (t-butanol) and water as the dilu- 
tant for the stock solution. The study was conducted 
with 3x4 mm pieces of the bulk, epilayer-free wafer 
coated with three different types of resist: MicroChem 
S1813, a positive photoresist; AZ nLOF2020, a negative 
photoresist; and MicroChem 950k molecular weight poly- 
methylmethacrylate (PMMA), a positive electron-beam 
lithography (EBL) resist. 

Considering the alcoholic solutions first, while alco- 
holic passivation is more effective, 39 photoresist tends to 
be soluble in alcohol. Immersing patterned photoresist in 
a 2% solution of (NH^S^ stock solution in 2-propanol 
began to smear out the pattern within a few seconds. The 
photoresist was completely removed if the sample was im- 
mersed for longer than 15 s, a period insufficient for ef- 
fective passivation of the exposed GaAs surface. Similar 
results were obtained in 2-methyl-2-propanol; an exam- 
ple where gate deposition was attempted after (NH^S^ 
passivation in a 2-methyl-2-propanol solution is shown 
in Fig. 4(b). Clearly the gate has not been properly 
formed; the gate metal covers large regions of the surface 
where the photoresist was unintentionally removed by the 
passivation solution. The results for PMMA were more 
favorable. PMMA has a low solubility in 2-propanol, 
and films remained intact for immersions in (NH^S^^- 
propanol solutions for as long as 15 min. This is suffi- 
cient for effective passivation of patterned areas, but the 
electron-beam lithography requirement is impractical for 
large area devices. Qualitatively similar results were ob- 
tained for Na2S solutions in 2-propanol and 2-methyl-2- 
propanol. 

Turning now to aqueous solutions, we found a marked 




FIG. 4. (Color online) Optical micrographs of (a) a device 
immediately before passivation and gate deposition, (b) a de- 
vice after gate deposition that had been passivated with a 2- 
methyl- 2-propanol solution and (c) a completed device. The 
outline in the middle of the device is the 130 nm high hall bar 
mesa, the grainy gold regions are the annealed AuBe ohmic 
contacts and the bright yellow regions are the Ti/Au gates 
and leads. In (a), the purple region is the resist that has 
been developed into the negative of the gate pattern. In (b), 
the gate metal is poorly defined and covers a large area of 
the device due to the photoresist being dissolved in the alco- 
hol passivation solution. The black scale bars in all images 
represent 300 /im. 



difference between Na2S and (NHj^Sz based solutions 
for photoresist films. Photoresist films remained intact 
for at least 10 minutes for (NH^S^ based solutions 
whereas there was significant resist damage for even quite 
short immersions in Na2S based solutions (< 30 s, but de- 
pending on concentration). The resist damage for Na2S 
solutions was widespread but concentrated at the pattern 
edges. We suspect this occurs because Na2S is a much 
stronger base than (NrLj^Sz; UV-exposed photoresist is 
normally developed in 2.38% TMAH solution, which is 
also basic. We performed the remainder of the studies 
in aqueous (NH^S^, since it was the only passivation 
solution for which both photo- and EBL-resists remain 
intact for long immersions. 



Appendix B: Initial characterization of passivation 
solutions and their robustness 

Once we had established the suitability of the aque- 
ous (NH^Sx solutions, we utilized PL measurements 
on (100) GaAs to confirm their efficacy. The passivated 
samples used in this section are listed in Table II. Fig- 
ure 5(a) shows PL intensity versus wavelength for Sam- 
ple B5 treated with the strong solution and Sample B6 
treated with the weak solution, with the PL intensity nor- 
malized to the signal obtained from an otherwise equiv- 
alent untreated sample. A ~ 40 x and ~ 90 x increase in 
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TABLE II. List of samples discussed in Appendix B. All are 
bulk, passivated GaAs wafer pieces used for PL. 



100 



Sample 


Wafer Surface 


Passivation 


B5 


bulk (100) 


strong 


B6 


bulk (100) 


weak 


B7 


bulk (100) 


strong 


B8 


bulk (100) 


weak 


B9 


bulk (100) weak 


+ photoprocessed 



intensity is observed for Samples B5 and B6 respectively. 
The 2.25 x improvement in PL intensity produced by in- 
creasing passivation solution concentration by a factor of 
approximately 200 is small compared to the 40 x increase 
in PL intensity produced by simply using the weak solu- 
tion. Regarding the appearance of the treated surfaces, 
Nannichi et al£^ report deposition of a thin off-white pre- 
cipitate film on the GaAs surface after (NH^S^ passiva- 
tion. We only obtain this when the wafer is removed di- 
rectly from the strong solution, and it could be prevented 
by diluting this treatment with H2O prior to removing 
the sample. We found no appreciable change in PL in- 
tensity when using this dilution method for preventing 
sulfide film formation. 



We also used PL to study the robustness of the treat- 
ment over time under different storage conditions. Fig- 
ure 5(b) shows that the PL intensity for B7 was only 15% 
lower after being stored for a week in the dark, under 
room atmosphere conditions, than it was when measured 
immediately after passivation. This discrepancy is within 
the experimental error for a PL measurement, suggest- 
ing that there has been little to no degradation of the 
passivation. This confirms that the passivation remains 
intact during the short exposure to air between passiva- 
tion and gate deposition for the heterostructure devices 
D2-D5. In some instances, it is desirable to thermally 
anneal the sample to ~ 350°C, however, patterned re- 
sists are generally destroyed at such high temperatures. 
In such cases, passivation and annealing would need be 
performed prior to resist deposition. With this in mind, 
we also studied the robustness of a passivated surface to 
subsequent photolithographic processing. We passivated 
Samples B8 and B9 together and then processed B9 fur- 
ther by depositing an AZ nLOF2020 resist film, baking 
the chip at 110°C for 60 s and developing in TMAH. 
Sample B9 was not exposed to UV light as the surface 
regions beneath the gates are normally protected by the 
photomask during pattern exposure for this negative re- 
sist. As Fig. 5(c) shows, the PL intensity was not reduced 
by the addition of photoprocessing steps. This confirms 
that device D6 should have remained passivated during 
photoprocessing for gate deposition. 
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FIG. 5. (a) Photoluminescence (PL) intensity versus lumines- 
cence wavelength for Samples B5 and B6. The yields given are 
normalized to the PL spectrum obtained from an otherwise 
equivalent, untreated sample, (b) PL spectrum of Sample B7 
obtained immediately after passivation (solid line) and after 
one week (dashed line) of storage in the dark under room at- 
mosphere conditions, (c) PL spectrum of Samples B8 and B9 
showing that comparable PL intensities are obtained whether 
or not the sample is photoprocessed after passivation. 



Appendix C: Raw photoluminescence data of 
unpassivated (100) and (311)A GaAs surfaces 

The data presented in Fig. 2(a/b) were normalized to 
the peak of untreated (100)/(311)A oriented GaAs, re- 
spectively. Figure 6 shows the raw, as-recorded inten- 
sity for these two reference samples. In contrast to all 
other presented PL data, the data in Fig. 6 has not been 
normalized; the intensity here refers to the recorded in- 
tensity incident on the CCD camera. Note also that the 
(100) reference sample used for Fig. 6 is not the same as 
the references used in Appendix B; each experiment had 
its own unique reference sample and the data in Fig. 6 
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840 850 860 870 880 890 
Wavelength (nm) 

FIG. 6. Photoluminescence intensity versus luminescence 
wavelength for the two samples used as references in Sec- 
tion IIIB. The intensity used here is the recorded intensity 
incident on the CCD camera. 



is from reference samples used in conjunction with the 
data in Fig. 2. In each case, the reference and passivated 
samples were cleaved from positions immediately adja- 
cent to each other on the host wafer to ensure optimum 
similarity for the two surfaces. 
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